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as fever are similar to dengue, typhoid and jaundice. [4, 5] Some malarial patients carrying gametocytes have no symptoms and hence they are considered to be asymptomatic. [6] The current gold standard 'microscopy' and rapid diagnostic test (RDT) tests can detect malaria if parasitaemia is above 100 parasites/µl. [7] A significant proportion of infections go unnoticed by microscopy and RDTs due to low parasitaemia in samples. [6] Diagnostic assays with higher sensitivity and specificity are thus required to detect low parasitaemia.
Many scientific evidence show that polymerase chain reaction (PCR) and other nucleic acid amplification-based assays are more sensitive than microscopy. [8] [9] [10] However, PCR is a laboratory-based assay and their machines are not portable. On account of which we have compared conventional techniques with the newly derived ultra-fast, portable PCR machine called Palm PCR. The technique is very robust and time effective, completing the test within 30 min. Since it works on a battery, it can be used in any place, especially in rural areas for diagnosing malaria. The present study compares the suitability of Palm PCR with available conventional techniques for diagnosis of malaria which include microscopy, immunochromatographic method (RDT) and molecular assays (PCR). The study categorises and identifies the best possible methodology in the detection and diagnosis of malaria.
MaterialS and MethOdS

Sites and collections
A total of 191 samples were collected from patients in and around Mumbai showing symptoms of malaria and who either attended the Outdoor Patient Department (OPD) or were admitted to the Inpatient Department (IPD) at Dr. L.H. Hiranandani Hospital. Patients included in the studies were ones who were suspected of malaria showing at least one sign and symptom such as headache, fever, sweating, chills, rigour, splenomegaly, hepatomegaly, nausea and vomiting. In addition to this, patients with a positive malaria history and an endemic living or working location were also considered in the study. Pregnant women and children below 5 years of age were excluded from the study. Approvals were obtained from the Haffkine Institute Ethics Committee and Dr. L.H. Hiranandani Hospital Ethics Committee prior to the initiation of the project.
A written informed consent from all the participants and/or their parents/guardians was acquired prior to sample collection. Consequently, 3 mL venous blood sample was collected by venepuncture in ethylenediaminetetraacetic acid vacutainers (Blood Collection Tubes: BD Vacutainer ® , BD Plymouth, UK) from patients and transported aseptically to the laboratory.
Sample processing
The samples were aseptically processed for microscopic and RDT analyses, while conventional PCR (cPCR) and Palm PCR were performed within a week. The leftover sample was preserved in −80°C deep freezer. The results of RDT and microscopy were provided on the same day followed with treatment for antimalarial in case of a positive patient.
Microscopy
Microscopy and cPCR were used as a reference standard in the study. According to the WHO guidelines, thick and thin blood smears [11] were observed using compound light microscope (Axioskop 40 Routine Microscope, Carl Zeiss Microscopy LLC, US) by skilled equipped microscopists. Ideally, a minimum of 25 fields were observed before confirmation of malaria, to countercheck with mixed infection or with the different stages of the parasite and sometimes also to rule out the presence of debris resembling parasites. Subsequently, a test was performed in an institutional laboratory to precisely confirm the results.
Rapid diagnostic test
RDTs (SD Bioline Malaria Antigen Pf/Pv, Standard Diagnostics Inc, Republic of Korea) are lateral flow 'immunochromatographic' antigen-detection tests, which target specific HRP-2 antigen for Plasmodium falciparum and a Plasmodium Lactase dehydrogenase antigen for Plasmodium vivax. The procedure was followed according to the manufacturer's guideline. RDT kit enabled the detection of both species of parasite. Absence of band on the control line was considered as an invalid test, and it was repeated using another kit. A test yielding low-intensity band on control line, with no band in test line, was also repeated using another kit to reconsider the chances of low parasitaemia infection that could have been missed due to decreased intensity of dye-labelled antibodies.
Conventional polymerase chain reaction
cPCR for amplification of target gene was carried out using the EmeraldAmp ® GT PCR Master Mix and performed on TaKaRa PCR Thermal Cycler Dice (Kusatsu, Japan). Genomic DNA was extracted from blood using commercially available QIAamp ® DNA Blood Mini Kit (catalogue no. 51106, QIAamp DNA Blood Mini Kit, Qiagen, Germany). An aliquot of the extracted DNA (cPCR and Palm PCR) was checked for its purity and concentration using nanospectrophotometer (NanoDrop™ 1000 Spectrophotometer, Thermo Fisher Scientific, US.) and stored at −80°C until used for PCR assays. Nested type of PCR was carried out using three sets of pair primers (one outer genus primer and two inner species-specific primers) [ Table 1 ], available at Snounou et al. [12] synthesised through Eurofins Pvt. Ltd (Luxembourg City, Luxembourg) and optimised in the laboratory. Conditions for temperatures varied little among outer and inner primers. The Hot start temperature was 95°C to all primers sets. In cyclic stage, denaturation temperature was 96°C and 98°C and annealing temperature were 58°C and 56°C for outer and inner primers, respectively, with 72°C as extension temperature. The total number of cycles for outer and inner primers was 40 and 35, respectively. Two positive template controls, negative control and no-template control were used to rule out chances of cross-contamination and to precisely confirm the test results. Confirmation of PCR amplification was carried out using agarose gel electrophoresis and visualised on ChemiDoc ™ XRS + Gel documentation system (Universal Hood II, Bio-Rad, USA).
Palm polymerase chain reaction
Palm PCR (Model-G2, Ahram Biosystems, South Korea) is an advanced version of PCR consisting of heat blocks instead of semiconductors. It works on rechargeable battery (runs up to 4 h) and amplifies the target gene in less time when compared with cPCR. It took around 10 min for nucleic acid amplification of P. falciparum and P. vivax (inner primers) of product size 205 bp and 120 bp, respectively, while around 34 min for Plasmodium genus (outer primers) of product size 1100 bp. While procedures and conditions were same as those carried out for cPCR, all products were visualised using Agarose Gel Electrophoresis.
Statistical analyses
Statistical analyses were performed using STATA Software (Version 13.1, Stata Corp LLC, Texas, USA). The calculation of basic tests such as sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) was performed. The positive likelihood ratio, negative likelihood ratio and odds ratio (OR) were studied for better comparison between techniques. To determine the statistical significance among different techniques, receiver operating characteristic (ROC) curve was computed and studied considering microscopy and cPCR as the reference standard.
reSultS
A total of 191 patients, who attended OPD or IPD of Dr. L.H. Hiranandani Hospital, Mumbai, in the period 2012-2014 were enrolled in this study. Most of the samples collected were of patients associated with fever from the past few days or 1 week. A total of 67.53% (129/191) were found to be positive by gold standard microscopy. Among these positive samples, 10.07% (13/129) were P. falciparum and 92.2% (119/129) were P. vivax. The co-infection of P. falciparum and P. vivax was observed as 2.3% (3/129). The gender ratio and age distribution were observed as 66.66% (86/129) male and 33.33% (43/129) female; 27.9% (36/129) were under age 20, 62.79% (81/129) were in between age of 21 and 60 and 9.3% (12/129) were above 60 years.
The cPCR and Palm PCR showed exactly the same results with 71.72% (137/191) positivity in comparison of 67.53% (129/191) by microscopy with a standard error of 0.0242. Out of these positive samples, 25.54% (35/137) were P. falciparum and 83.21% (114/137) were P. vivax. The co-infection of P. falciparum and P. vivax was observed as 8.75% (12/137). The limit of detection for cPCR and Palm PCR was found to be 0.35 parasites/µl. The Palm PCR was as accurate as cPCR in case of sensitivity and specificity [ Table 2 ]. However, the error rate of gold standard microscopy was found to be 6.19% in comparison with cPCR. Table 3 ].
Statistical analysis was carried out by the ROC curve for better comparison between the techniques considering microscopy and cPCR as the reference standard [ Figures 1-4 ]. The area under the ROC curve for Palm PCR in comparison with microscopy was 0.8969 for P. falciparum, 0.9121 for P. vivax and 0.9116 for Plasmodium spp., while in comparison with cPCR, it was 1 for P. falciparum, P. vivax and Plasmodium spp. A score nearer to 1 implies a better technique equivalent to the reference standard. This suggests Palm PCR as an alternate technique for diagnosis of malaria.
diScuSSiOn
Understanding of most suitable technique in malaria diagnosis is a major challenge in the current scenario, where each technique has its own advantages and limitations, choosing a method appropriate in a given set of conditions becomes important. The use of microscopy in non-endemic regions has led to an underestimation of malaria prevalence. [13, 14] Some authors around the world have suggested making PCR compulsory in a non-endemic region, [15] where parasites are found to be in low density in blood samples within the population.
In 2014, the WHO Evidence Review Group recommended extensive use of molecular-based tests in low malaria transmission regions to account for undetected malaria infections. [16] On this account, the present study was undertaken to compare the Palm PCR with the gold standard microscopy, RDT and cPCR for malaria diagnosis. Of all 191 samples included in the study and screened for malaria diagnosis, microscopy and RDT have shown lower sensitivity than cPCR [8, 17] and Palm PCR to detect parasites. Microscopy is preferred over molecular methods due to its lower running costs and requirement of minimum infrastructure. However, even the best experts in microscopy have their limitations. [18] RDT has become an important tool for the detection of malaria parasites in resource-limited settings as a result of its ease of use for malaria diagnosis, even though its limitation of detection is 100 parasites/µl. [19] Furthermore, RDTs are costly than microscopy. Although both PCR has high establishment cost, the processing cost will be slightly higher than RDTs. Considering the limitation in sensitivity of the microscopy and RDTs, the Palm PCR platform was developed to provide results in minimum infrastructure and to allow for ultra-rapid diagnosis of malaria. It provides results in the same time as that taken by microscopy. The sensitivity and specificity of Palm PCR were 100% to that of cPCR. The WHO has mentioned cPCR to be the most sensitive technique for diagnosis of malaria; [16] the results of Palm PCR reciprocate with it. The ROC curve analysis for Palm PCR with the gold standard microscopy signifies it to be the best possible alternative technique for diagnosis of malaria. As it works on battery, its impact in rural areas will be critical to observe with the management of its cost.
Microscopy is labour-intensive and requires skilled expert microscopists for precise diagnosis of malaria. [11] In one study, microscopy showed about 19.4% false-negative results with reference standard PCR. [19] In another study, the level of expertise of 432 microscopists was determined upon their capability to identify low levels of parasite in the sample, where they concluded that 95.6% were basic-level microscopists, 2.3% were advanced microscopists, 2.1% at the reference level and no one was an expert microscopist. [20] This suggests that microscopists are not trained completely and indicates that the accuracy of microscopic detection mainly depends on the microscopist. This is not the case with molecular methods. A well-trained PCR technician is sufficient to provide similar results in the detection of malaria for various samples in comparison with the skilled microscopist, who may report varying results.
In this study, screening of 191 samples by PCR yielded 8 additional positive samples as compared to microscopy and RDT. On anticipating this result with actual diagnosed cases, it suggests that microscopy and RDT may miss out many samples that may test positive by PCR, especially the ones which has low parasitaemia. [19] In addition, such patients may not receive timely Figure 1 : Receiver operating characteristics curve area for Palm polymerase chain reaction, conventional polymerase chain reaction, rapid diagnostic test with reference standard microscopy to detect Plasmodium falciparum. The receiver operating characteristics curve area for rapid diagnostic test, conventional polymerase chain reaction and Palm polymerase chain reaction with reference standard microscopy is 1, 0.8969 and 0.8969, respectively, for precise detection of Plasmodium falciparum. The area under receiver operating characteristics curve for Palm polymerase chain reaction and conventional polymerase chain reaction is exactly same, suggesting equal calibre of Palm polymerase chain reaction with conventional polymerase chain reaction treatment adding to the actual disease burden. Considering the drawbacks of these techniques, it would be ideal to have PCR as the first choice for malaria diagnosis in laboratories with adequate infrastructure. In a rural setting with the limited number of resources RDT, microscopy or Palm PCR may be used. The role of Palm PCR at the point-of-care facility will be critical. This study proposes Palm PCR as being central to a solution for ultra-rapid PCR-based malaria detection with high sensitivity and specificity. However, the availability of portable pre-and post-PCR tools i.e., portable centrifuge, portable transilluminator, cold-storage facility, portable gel electrophoresis system and ready to use agarose gels will make Palm PCR-based diagnostic system a much-needed cost-effective ultra-rapid PCR-based solution for resource-limited locations or in rural healthcare. Similar studies with wider parameters in rural areas will help us to establish Palm PCR as the PCR platform of choice for such specific set-ups.
cOncluSiOn
A technique for malaria diagnosis should be highly sensitive, simple and rapid in its approach, portable and finally considering rural and resource-constrained areas, should be cost-effective. The Palm PCR platform has immense potential to fulfil all these critical requirements. The sensitivity and specificity of Palm PCR in the present study demonstrated its equal standpoint with cPCR. The rapid amplification of target sequence with the same precision as cPCR gives Palm PCR a better viewpoint than the former technique. It has demonstrated a considerable cut-down in time with a range of 10-34 min for single target amplification as compared to more than 3 h required by any conventional-based PCR method. The Palm PCR machine has exhibited good battery backup time, allowing it to be used for long durations (up to 4 h) in power-constrained and rural settings. Further optimisation of reagents and/or increase in volumes of production and plasticwares can reduce the cost to a greater extent making it affordable to implement nucleic acid test (NAT) based tests in both urban and rural areas. The Palm PCR-based nucleic acid detection method can lead NAT into a next/new era of portable, ultra-fast, affordable, sensitive and highly specific diagnostic test methods which both government and private bodies can implement worldwide.
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Figure 2:
Receiver operating characteristics curve area for Palm polymerase chain reaction, conventional polymerase chain reaction, rapid diagnostic test with reference standard Microscopy to detect Plasmodium vivax. In the detection of Plasmodium vivax, the area under receiver operating characteristics curve for rapid diagnostic test, conventional polymerase chain reaction and Palm polymerase chain reaction with reference standard microscopy is 0.9847, 0.9121 and 0.9121, respectively. Again in the detection of Plasmodium vivax, the results were exactly same for conventional polymerase chain reaction and Palm polymerase chain reaction considering standard as microscopy Figure 3 : Area under receiver operating characteristics curve for Palm polymerase chain reaction with reference standard microscopy to detect Plasmodium spp. In the diagnosis of Plasmodium species, the receiver operating characteristics curve area for Palm polymerase chain reaction is 0.9116 with reference standard microscopy. This suggests exquisite results for Palm polymerase chain reaction and can be a suitable technique in the diagnosis of malaria Figure 4 : Area under receiver operating characteristics curve for Palm polymerase chain reaction with reference standard conventional polymerase chain reaction to detect Plasmodium species, Plasmodium falciparum and Plasmodium vivax. In diagnosing malaria, the receiver operating characteristics curve area for Palm polymerase chain reaction is 1.0 with reference standard as conventional polymerase chain reaction. This suggests the technique is exact reciprocate to the reference standard with its sensitivity and specificity in the diagnosis of malaria targeting 18S rRNA conserved region
